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We present experiments which show that the partial wetting of droplets capped by taut elastic
films is highly tunable. Adjusting the tension allows the contact angle and droplet morphology
to be controlled. By exploiting these elastic boundaries, droplets can be made elliptical, with an
adjustable aspect ratio, and can even be transformed into a nearly square shape. This system can be
used to create tunable liquid lenses, and moreover, presents a unique approach to liquid patterning.
Wetting has been the subject of intense research for
well over a century, motivated largely by industrial ap-
plications, ranging from designing tires to treating tex-
tiles and choosing coatings for surfaces, but also by the
academic interest in a field which is undeniably rich [1].
A common theme in wetting phenomena is that bound-
ary conditions and substrate play a pivotal role. For
instance, when the substrate is replaced by a soft solid,
elastocapillary interactions lead to deviations from the
classical Young-Dupre´’s law due to the formation of a
wetting ridge at the contact line [2–9]. The substrate
can also be replaced by a thin free-standing elastic film,
serving as a compliant boundary for the droplet [10–17].
In this geometry, the contact angles are set by a Neu-
mann construction with mechanical and interfacial ten-
sions balanced at the contact line [11, 12, 14, 16, 17].
Compliant elastic surfaces also show novel wetting be-
haviours and morphologies. For instance, droplets have
been observed to migrate towards regions of increased
compliance [18–20], and interact with other droplets due
to deformations induced in the elastic films [15, 21].
Dewetting liquid films capped by a thin elastic layer can
have their dynamics and dewetting morphologies con-
trolled by adjusting the tension [23]. Anisotropic tension
in a supporting free-standing film causes sessile droplets
to elongate along the high tension direction, and thus,
droplets map out the stress field in the elastomer [17].
Furthermore, droplets pressed between a rigid surface
and a soft solid acquire the shape of a flattened ellip-
soid [22].
Although partial wetting on soft or compliant solids
has received significant attention, here, we examine par-
tial wetting in a novel geometry wherein droplets are
capped by a thin elastic film under tension. This system
could serve as a model for blisters or droplets trapped
beneath drying paint [24]. We show that the contact
angle of these droplets decreases with increased tension
which is well described through an analogy made with
Young-Dupre´’s law which incorporates mechanical ten-
sion. The model contains a free parameter from which
the elastomer-liquid interfacial tension may be deter-
mined. We extract reasonable values for this quantity
for four different liquid-solid combinations. Finally, we
show that biaxial stresses in the capping elastic bound-
ary can produce elliptical droplets with tuneable aspect
ratio, and even droplets with nearly-square morphology
using a suitable sample geometry.
Thin elastomeric films of Elastollan (elast) TPU
1185A (BASF) and styrene-isoprene-styrene (SIS) tri-
block copolymer (14% styrene content, Sigma-Aldrich)
are prepared by spincoating out of cyclohexanone and
toluene solutions respectively. Films are spun onto silicon
wafers to create substrates and also onto freshly cleaved
mica. The films are annealed at 150
◦
C (elast) or 100
◦
C
(SIS) for 10 min to remove solvent and relax the poly-
mer chains. The substrate films are of thickness 200 nm
(elast) and 400 nm (SIS), as measured using ellipsometry
(Accurion, EP3). One edge of each substrate is brushed
with an acetone-wetted cotton swab to remove the elas-
tomer from this edge. Small droplets of glycerol (Cale-
don Laboratories Ltd.) or polyethylene glycol (PEG)
with Mn = 0.6 kg/mol (Sigma-Aldrich) are deposited
onto substrates. These sessile droplets are capped with
a thin film of the same elastomer as the substrate film
(simplifying the boundary conditions) as follows: capping
films are prepared on mica and transferred onto a home-
built straining set-up following the protocol described in
Ref. [23]. Using this apparatus, films are strained isotrop-
ically ǫ, or biaxially with principal strains ǫlow and ǫhigh.
The substrate with droplets is then brought into contact
with the strained capping film such that adhesive contact
is formed between the two elastic films, thus completing
the sample depicted in Fig. 1(a). We study four different
pairings of liquid and elastomer. In the region where the
substrate film was removed from the silicon using the cot-
ton swab, we use ellipsometry to determine the thickness
h of the capping film. We employ films with h between
150-1700 nm (Elastollan) and 550-3000 nm (SIS).
After being capped, the droplets are circular with a
contact radius r when viewed from above. Only droplets
which are not visibly pinned are measured. The droplets
are in the range 30 µm < r < 300 µm, which is large
enough that evaporation can be ignored. Furthermore,
these are much larger than the bulk elastocapillary length
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FIG. 1. (a) Schematic of a droplet capped by a taut elastic
film and supported by a film of the same elastomer on a silicon
substrate. The heuristic tension balance to determine the
contact angle is shown. (b) Optical image under a red filter
of the top view of a glycerol droplet capped by an Elastollan
film with ǫ = 0.15 and h = 570 nm. (c) Height profile of
the capped droplet in (b) as a function of horizontal position.
The solid curve is a circular cap fit from which we determine
θc = 7.8 ± 0.2
◦
.
such that elastic substate films are not significantly de-
formed by capillarity and can be thought of as uncom-
pliant substrates [5]. In addition, bending of the capping
film is only relevant locally at the contact line and ten-
sion dominates the global picture [25]. Due to the high
tension in the capping film, the droplets are sufficiently
flattened (to a height hd) to exhibit interference fringes
when viewed under an optical microscope with a red (λ
= 632.8 nm) filter (Newport, 10LF10-633), as seen in
Fig. 1(b). From this interference pattern, the height pro-
file of the droplet is determined. A height profile from a
horizontal slice through the droplet in Fig. 1(b) is shown
by the data points in Fig. 1(c). The profile is in excel-
lent agreement with a circular cap fit, shown by the solid
curve, from which the radius of curvature R of the capped
droplet is measured. If the droplets are large enough, it
is also possible to directly image the droplet’s profile by
acquiring images from a side view, and fit this profile to
a circle to extract R. We find good agreement between
both techniques. The contact angle of the capped droplet
θc is evaluated using the geometric relation sinθc = r/R.
Several droplets are measured and the average θc is de-
termined. The contact angles are reproducible from one
droplet to the next and independent of the size of the
droplet over the range studied.
Although elastomers are not Hookean over large
strains, we work exclusively with small strains (⪅ 0.2),
such that we can approximate a linear relationship be-
tween stress and strain [26]. As such, the mechanical ten-
sion in an isotropically strained film is T = Eǫh
1−ν
≈ 2Eǫh,
where E is the Young’s modulus of the elastomer and
ν ≈ 0.5 is the Poisson ratio. Thus, the mechanical ten-
sion in a capping film can be varied by tuning film thick-
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FIG. 2. Contact angle as a function of ǫh, which is propor-
tional to tension, for two elastomers: (a) Elastollan and (b)
SIS, and with two test liquids: glycerol (glyc) and PEG. The
Elastollan/glycerol data includes sets where the strain is held
constant, ⟨ǫ⟩ = 0.16 ± 0.03 ( ) and ⟨ǫ⟩ = 0.08 ± 0.02 (),
and only film thickness is changed. Plotted are also data at-
tained from biaxial strain experiments along the low () and
high () tension axes. Solid (glyc) and dashed (PEG) curves
correspond to fits of Eq. 1, with γel,l/E as the only free pa-
rameter. Vertical error bars represent the standard deviation
in contact angles measured for a sample, and horizontal error
bars stem from uncertainties in thickness and strain.
ness or strain. In Fig. 2(a), we plot the contact angle
as a function of the product ǫh for Elastollan with glyc-
erol (glyc) droplets. Two data sets are shown wherein
h is varied while the isotropic strain is held constant:⟨ǫ⟩ = 0.16±0.03 ( ) and ⟨ǫ⟩ = 0.08±0.02 (). The data
sets collapse on the same curve and show that contact
angle decreases with ǫh. This observation is consistent
with previous work which found dewetting rims of a liq-
uid capped with an elastic film to be increasingly more
flattened with higher T [23]. Our experiment is repeated
with PEG droplets with strains in the range of 0.1-0.2
and variable film thicknesses, and the data is plotted in
Fig. 2 (⭑). Once again, the same trend is seen, but the
two liquids, PEG and glycerol, do not collapse onto the
same curve. In Fig. 2(b), the two liquids are paired with
SIS elastomer instead (again with strains in the range
0.1-0.2 and variable film thicknesses).
To understand these trends, we construct a balance of
mechanical and interfacial tensions at the contact line
akin to previous work [11, 12, 14, 16, 17]. We note that
this balance is not truly a force balance, as the substrate
exerts horizontal and vertical forces at the contact line
as well. Rather, the balance represents changes in free
energy for virtual motion of the contact line, in com-
3plete analogy with Young-Dupre´’s law. In the simplest
model, we make the assumption that the tension in the
capping film is not significantly altered by the deforma-
tion induced by the droplet (elastic membrane limit) and
remains uniform throughout [27]. This assumption is dis-
cussed later in more detail. Although the balance is not
truly a force balance, we can make use of the analogy
with Young-Dupre´’s law of partial wetting, and as such,
the solution can be heuristically obtained by balancing
the mechanical and interfacial tensions in the horizontal
direction, as shown in Fig. 1(a), where γ represents inter-
facial tensions between elastomer (”el”), liquid (”l”), and
vapour (”v”). Since the substrate is intentionally chosen
to be the same material as the capping film, there is no
interfacial tension between these. Motivated by previous
work on these elastomers, we further assume that the
interfacial tensions remain constant with strain (i.e. no
Shuttleworth effect) [28]. The horizontal balance gives
cosθc = (T + γel,v − γel,l)/(T + γel,v + γel,l). Note that,
just as for Young-Dupre´’s law, the same result is obtained
by a free-energy minimization. Given measured modulus
values Eelast = 13±2 MPa and ESIS = 1.1±0.2 MPa [26],
we calculate that 300 < T < 7000 mN/m for all our sam-
ples. Thus, we make the approximation that T is much
greater than any interfacial tension in the system, as in-
terfacial tensions involving polymeric materials are typ-
ically < 50 mN/m. Finally, we employ the small angle
approximation (since all our contact angles are less than
20
◦
), and uncover a simple prediction for the contact an-
gle:
θc = 2
√
γel,l
T
≈
√
2
γel,l
Eǫh
. (1)
Thus, θc is fully determined by the mechanical tension
and elastomer-liquid interfacial tension. To test the
model, we fit Eq. 1 to each data set in Fig. 2, leaving
γel,l/E as a free parameter. The fits are plotted in Fig. 2
as solid (glyc) and dashed (PEG) curves, and are in ex-
cellent agreement with the data. The fit values of γel,l/E
are shown in Table I. Using our measured values of E,
we compute γel,l. In addition, we have measured the
Young’s contact angle (θY) of each solid/liquid combina-
tion tested, and the values are listed in Table I. Using the
Young-Dupre´ equation, we can calculate the elastomer-
vapour interfacial tension as γel,v = γl,vcosθY + γel,l,
where γl,v is found in the literature to be 63 mN/m [29]
and 46 mN/m [30] for glycerol and PEG. These interfacial
energies (Table I) are of typical magnitudes for interfacial
tensions involving polymeric solids. In fact, γel,v for SIS
is within error of that quoted in Ref. [31]. Furthermore,
the values of γel,v are determined twice (using the two
liquids) for each solid, and are within error of each other,
which further validates the simple model.
To further characterize this system, we perform experi-
ments with Elastollan and glycerol, wherein the droplets
are capped by films with a biaxial tension with princi-
TABLE I. Interfacial tensions extracted from fitting to con-
tact angle data.
Solid/Liquid γel,l/E γel,l θY γel,v
(nm) (mN/m) (
◦
) (mN/m)
Elast/glyc 0.85 ± 0.04 11 ± 2 67.8 ± 0.8 35 ± 2
Elast/PEG 0.28 ± 0.08 4 ± 1 42.4 ± 0.7 38 ± 1
SIS/glyc 18 ± 3 20 ± 5 82.3 ± 1.3 29 ± 5
SIS/PEG 4.0 ± 0.8 5 ± 1 54 ± 1.2 32 ± 2
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FIG. 3. (a) Optical image under red filter of an elliptical
droplet aligned with the high tension direction in the capping
film (ǫhigh = 0.2, ǫlow = –0.04, h = 586 nm). (b) Measured
aspect ratio as a function of strain along the low tension axis.
ǫhigh is held constant at ∼ 0.2. (c) Measured aspect ratio
plotted against the theoretically expected aspect ratio (Eq. 2)
given ǫhigh and ǫlow. The solid line represents the relationship
aexp = ath. Horizontal error bars are due to uncertainties in
the two strains. Vertical error bars are standard deviations
in measured aexp.
pal strains ǫhigh and ǫlow. In doing so, droplets assume
an elongated shape (Fig. 3(a)) which is well described
by an ellipse whose major axis aligns with the high ten-
sion direction (plotted as a curve around the perimeter).
To understand how the elliptical droplet’s measured as-
pect ratio, aexp, varies with strain, we perform experi-
ments where ǫhigh ∼ 0.2 and −0.05 < ǫlow < 0.2. As
seen in Fig. 3(b), the aspect ratio decreases as ǫlow in-
creases, and approaches unity in the limit of isotropic
strain (ǫlow = ǫhigh).
We find that height profiles of the droplet along the
high- and low-tension axes are well described by circu-
lar cap fits once again, and from these, we determine the
contact angles along both axes (θc,high and θc,low). Along
each of the principal axes, the heuristic tension balance
at the contact line, and the final prediction of Eq. 1,
is identical to the isotropic case, but with T replaced by
Thigh or Tlow respectively. Applying Hooke’s law, one can
calculate the tension along the principal strain direction
i to be Ti ≈
1
1−ν2
E(ǫi + νǫj)h where j is the orthogonal
principal strain direction and for elastomers we can set
4ν ≈ 0.5. At this point, an effective strain can be defined
for this direction ǫeff,i =
1−ν
1−ν2
(ǫi + νǫj), such that the
isotropic expression is recovered for the biaxial case as
well: Ti =
1
1−ν
Eǫeff,ih ≈ 2Eǫeff,ih. In this way, the ellip-
tical droplet data for θc,high () and θc,low () is plotted
against ǫeff,ih in Fig. 2(a). In doing so, the biaxial strain
data collapses onto the same curve as the isotropic strain
data.
Since the droplet profiles along both principal direc-
tions are well fit to circular caps, the droplet height
can be evaluated using the circular cap identity hd,i =
ritan(θc,i/2) ≈ riθc,i/2, where subscript i once again de-
notes a principal direction and the small angle approxi-
mation was employed. The droplet height must be the
same for profiles taken along either principal direction
(hd,high = hd,low). Therefore, the theoretical aspect ratio
can be calculated as rhigh/rlow to be
ath =
θc,low
θc,high
=
√
Thigh
Tlow
=
√
ǫhigh + νǫlow
ǫlow + νǫhigh
, (2)
where we have made use of Eq. 1 and the Hookean rela-
tionships described above. For a quantitative test of this
result, we refer to Fig. 3(c), where all measurements of
the aspect ratio aexp are plotted against their predicted
values ath, computed using Eq. 2 and the applied strains.
Plotted in this way we find good agreement between the-
ory and experiment (see solid line aexp = ath).
The theory outlined in this study relies on the as-
sumption that the tension of the film is not significantly
changed by the deformation induced by the droplet. To
construct a comprehensive theoretical treatment to cal-
culate the additional stresses created by this deforma-
tion, one may follow the methodology presented in ar-
ticles by Davidovitch, Vella, and co-workers, where the
Fo¨ppl-von Ka´rma´n equations are solved in the limit of
vanishing bending contributions [32–34]. However, re-
sults we have presented suggest that our assumption is
appropriate. Droplets under isotropic tension are well de-
scribed as spherical caps, consistent with the notion that
the tension in the deformed elastic film is isotropic and
uniform (though not necessarily equal to the outside ten-
sion in the film) and is acting against a constant pressure
within the capped liquid. The deformation of the cap-
ping film must introduce an additional strain, leading to
an increased mechanical tension in this region. However,
several pieces of empirical evidence suggest that this ad-
ditional tension is negligible. The contact angles depend
on the prepared tension, i.e. the product ǫh. If the ten-
sion was significantly modified during capping, one would
expect the additional tension to depend individually on h
as well (through the stretching modulus Eh), and would
disrupt the collapse of the data seen in Fig. 2(a). Further
evidence of the assumption’s validity stems from the suc-
cess and self-consistency of the model presented herein
(success of predictions made by Eq. 1 and Eq. 2, sensi-
ble values of γel,l and γel,v, and the collapse of biaxial
and isotropic strain data in Fig. 2(a)). However, we note
that for our largest contact angles (> 15
◦
), the assump-
tion may begin to break down, and would certainly not
be applicable for the significant deformations at large an-
gles (> 30
◦
).
FIG. 4. (a) Top view schematic of the sample with droplets
capped by biaxially stretched films on either side, all free-
standing over the hole in the washer. (b)-(c) Optical images
of droplets with square morphology. (d) Focal spot (with
diffraction pattern) of a laser shone through a square droplet.
Motivated by previous work [23], we perform an ex-
periment with a unique combination of elastic boundary
conditions, in the sample depicted in Fig. 4(a). An Elas-
tollan film with biaxial tension (ǫhigh ∼ 2, ǫhigh ∼ −0.4)
is placed atop a washer with a circular hole. Glycerol
droplets are deposited on the free-standing portion of
this film. Finally, a second Elastollan film subjected to
the same biaxial strains is placed on top, but with its
high tension axis oriented perpendicular to the bottom
film. Thus, the droplets are capped by an elastomer on
either side, and the whole system is free-standing. As
seen in Figs. 4(b)-(c), droplets in such a sample assume
a remarkable square morphology with the sides oriented
along the principal strain directions. In this free-standing
sample geometry (Fig.4(a)), droplets act as lenses whose
focal length and shape can be tuned. As a proof of prin-
ciple, we shine a laser through a pinhole (150 µm in di-
ameter) onto a square droplet. The resultant focal spot
(with the diffraction pattern) is shown in Fig. 4(d). As
an elliptical droplet resembles a cylindrical lens produc-
ing a focal spot in the shape of a line, a square droplet
creates a focal spot resembling a cross.
Here we have investigated the partial wetting of
droplets capped by thin elastic films. When the tension
in the elastic film is isotropic, droplets assume the shape
of spherical caps which flatten with increasing tension. A
5balance of interfacial and mechanical tensions at the con-
tact line made in analogy with Young-Dupre´’s law well
describes the change in contact angle with tension with
only one free parameter. From this free parameter, the
elastomer-liquid interfacial tension – a notoriously diffi-
cult quantity to measure – can be determined. Finally, we
show that elastic films as boundary conditions for partial
wetting can produce droplets with novel morphologies.
Droplets can be designed to have elliptical shapes with
aspect ratios that depend on the strains in the elastic
film, and it is even possible to generate droplets with
square morphology using suitable choices of the elastic
boundary conditions. Thus, elastic membranes can be
used to create highly tunable liquid morphologies.
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